We have examined the nature of the mutant androgen receptor in a family with a severe defect in virilization associated with a qualitative defect in receptor function. The androgen receptor gene in this family contains two structural alterations: a single nucleotide substitution at position 2444 in exon 5 (adenosine -* guanosine) that converts tyrosine 761 to a cysteine residue and a shortened glutamine homopolymeric segment in exon 1 that encodes 12 rather than the usual 20-22 glutamines. A family study was performed using polymerase chain reaction amplification of the glutamine-rich segment, and it was shown that the sister of the proband does not carry the mutant allele. The effects of these two mutations on the function of the androgen receptor were studied by introducing the changes, individually and in combination, into cDNAs encoding the normal human androgen receptor and analyzing the receptor protein produced after transfection of the cDNAs into eukaryotic cells. The presence of a cysteine residue at position 761 causes rapid dissociation of dihydrotestosterone from the receptor protein. Marked thermolability of the transfected receptor protein, however, was demonstrable only upon introduction of an androgen receptor cDNA containing both the partial deletion of the glutamine homopolymeric segment and a cysteine residue at position 761. Likewise, the ability of the receptor to stimulate a reporter gene is strikingly diminished only when both alterations are present, suggesting that the shortened glutamine homopolymeric segment amplifies the impairment of receptor function caused by the tyrosine to cysteine substitution. (J. Clin. Invest.
Introduction
Defects in the androgen receptor are X-linked disorders that cause a spectrum of abnormalities in affected men that vary in severity from phenotypic women with the syndrome of complete testicular feminization to men with mild defects in virilization (1) . At the functional level these defects can be grouped into four broad categories: absent binding, qualitative defects in receptor function, deficient amounts of apparently normal receptor, and receptor positive resistance, a category in which the endocrine, phenotypic, and genetic features are compatible with a receptor abnormality but no functional abnormality has been identified (1) . The cloning of the cDNA that encodes the androgen receptor has made possible the delineation of the molecular nature of the defects in several such patients (2) (3) (4) (5) (6) . In the studies reported to date, attention has focused on patients with the syndrome of complete testicular feminization, most of whom have absent binding. In this group of patients, known defects include major gene rearrangements (6) , premature termination codons (2, 3) , and point mutations that profoundly impair receptor function (4, 5) .
We have previously described a family with androgen resistance associated with profound hypospadias but considerable virilization after the time of expected puberty (7) . The androgen receptor expressed in cultured skin fibroblasts from an affected member of this pedigree was normal in amount and exhibited only mild qualitative abnormalities. More importantly, the functional defect in the propositus could be largely overcome by high-dose androgen therapy. These findings indicate that the defect in this family only partially impairs receptor function. In the current study we report that the gene encoding the androgen receptor in this family contains two abnormalities: a shortened glutamine homopolymeric region in exon 1 and a point mutation in exon 5 that causes an amino acid substitution at position 761. We have taken advantage of the shortened glutamine homopolymeric region to perform family studies and document that the sister ofthe propositus does not carry the mutant gene. In addition, we have constructed mutant androgen receptor cDNAs that contain each of the mutations, alone and in combination, expressed these cDNAs in transfected cells, and characterized the receptor function. Our results indicate that the two changes interact to cause the thermolability and accelerated ligand dissociation rates previously described in cultured skin fibroblasts.
Methods
Cell culture and nucleic acid preparation. DNA was prepared as described (2) from confluent genital skin fibroblasts cultured from three patients. Strains 787 and 712 were from the previously described proband (111-4) and his sister (111-3), respectively (7) . In addition, scrotal skin fibroblasts (strain 810) from an uncle of the proband were studied. The androgen receptor in II-5 was thermolabile (68% decrease at 41°C in 90 min) and exhibited an accelerated dissociation rate with [3H]dihydrotestosterone (90% dissociation of ligand at I h, compared with 35% dissociation in the normal control), findings similar to those previously reported for the proband (7) . For the genetic analysis of other family members, blood samples were shipped from Manila to Dallas, and DNA was prepared from white blood cell pellets. RNA was prepared from cultures ofgenital skin fibroblasts (strains 704 and 787) at confluence; the cells were harvested and homogenized in 4.5 M guanidinium isothiocyanate, and RNA was purified by centrifugation through a cushion of 5.7 M cesium chloride (8) .
Amplification ofthe androgen receptor gene coding exons. The coding exons of the androgen receptor gene were amplified using oligonucleotides derived from the segments flanking each exon (3) as primers for the polymerase chain reaction (9) . Exon 1, which spans the first 1,900 nucleotides of the androgen receptor open reading frame, was analyzed using five overlapping pairs of oligonucleotides (3) . Each amplification was performed for 35 cycles, (annealing and extension for 90 s at 680C and denaturation for 45 s at 950C). The glycine homopolymeric region of exon 1 was difficult to amplify with the polymerase chain reaction. As reported (3), this region of the androgen receptor gene could only be amplified using > 70 amplification cycles. Even after prolonged amplification sequence analysis showed consistently truncation of the glycine-rich region to a segment encoding eight repeats of the triplet GGC. For this reason, an alternative method of sequence was employed for this segment. Namely, a genomic library was constructed from the DNA ofpatient 787: 600 ,g ofgenomic DNA was cut to completion with the restriction endonuclease EcoRI and electrophoresed in a 0.8% agarose gel. The DNA fragments between 9 and 23 kb were purified and ligated in the cloning vector EMBL4 (10) . The resulting library, which had a complexity of 5 X 105 recombinants, was screened with a 1-kb restriction endonuclease fragment derived from the 5' flanking segment of the human androgen receptor gene. One positive clone was isolated and purified. The fragment containing the glycine-rich region was subcloned into the sequencing vector M 13 and sequenced with dideoxy sequencing (1 1).
Nucleotide sequencing. Each oligonucleotide used for the amplification of the human androgen receptor contains an artificial EcoRI restriction site at its 5' terminus. After amplification, the resulting band was purified and subcloned into the sequencing vector M 13 previously digested with EcoRI. Templates were sequenced using the dideoxy sequencing method of Sanger et al. (1 1) . Each deviation from the normal androgen receptor sequence (12) was confirmed at least twice in templates derived from different amplification reactions.
Site-directed mutagenesis. The deletion of the glutamine-rich region detected from the sequencing of exon 1 of patient Q787 was inserted into the expression vector CMV3. Our original expression plasmid CMVhAR3.1 (12) , which contains the normal human androgen receptor cDNA subcloned as an EcoRI restriction endonuclease fragment in the expression vector CMV-3, contains unique cleavage sites for the restriction endonucleases AfMlI and NarI at nucleotide positions 672 and 313, respectively (12) . These restriction endonuclease cleavage sites flank the position of the glutamine homopolymeric segment. To create truncation of the glutamine rich segment present in the androgen receptor gene of patient Q787, the fragment derived from the amplification of segment 1-2 of exon 1 (3) of the androgen receptor of patient Q787 was cut with the restriction endonucleases AfMl and Nar. The resulting fragment, encoding only 12 glutamines, was ligated into the plasmid CMVAR 3.1 (12) digested with NarI and AflII. The structure of this plasmid was confirmed to contain a glutamine homopolymeric segment 12 residues long (designated CMVhAR Gln-12) by DNA sequence analysis.
The second mutation, consisting of an adenosine --guanosine transition at nucleotide 2444 was incorporated as shown below into the two oligonucleotides that span nucleotide 2431 to 2459 of the androgen receptor cDNA (12) :
Mut Tyr--Cys s: TCCAGGATGCTCTGCTTCGCCCCTGAT Mut Tyr-Cys as: ATCAGGGGCGAAGCAGAGCATCCT-GCA These oligonucleotides were used in combination with other oligonucleotides to incorporate the desired nucleotide substitution (underlined) into the androgen receptor cDNA sequence. Oligo MUT-Tyr . Cys "s" and a second oligonucleotide derived from the segment 3' to the coding segment ofthe androgen receptor cDNA [oligonucleotide 710 Xba: ACTCTAGAAGAGGAGTAGTGCAGAGTTATA-CCA (3)] were used to amplify a l-,ug sample of the androgen receptor cDNA. This reaction results in the synthesis of the 3' terminus of the androgen receptor containing the desired mutation and an artificial XbaI restriction site flanking its carboxy terminus (reaction I). In a similar fashion, oligo MUT-Tyr--o.Cys "as" and oligonucleotide mutH3 [GGAGATGAAGCTTCTGGGTGTCACT (3) ] were used to amplify a I-,gg sample of human androgen receptor cDNA (reaction II). The products of reactions I and II were purified by electrophoresis, and the two resulting bands, which contain a 25-nucleotide region of homology, were annealed to each other and amplified using the oligonucleotides 71OXbaI and oligonucleotide mutH3HindIII as primers. The resulting band was digested with the restriction endonucleases HindII and XbaI and purified by agarose gel electrophoresis. Since the androgen receptor cDNA contains only one internal HindIII cleavage site and the expression vector CMV3 contains only a single XbaI restriction site flanking the carboxy terminus of the inserted cDNA, it was possible to remove the carboxy terminus from the normal androgen receptor contained in plasmid CMV3. 1 and from CMVAR Gln-12 by digestion with the restriction endonuclease HindIII and XbaI and to replace these fragments with the DNA fragment containing the mutation in exon 5 of the androgen receptor of patient Q787. The plasmid designations and position of mutations are shown in Fig. 1 . All four plasmids were shown by nucleotide sequence analysis to contain only the indicated mutations.
RNA protection assay. Androgen receptor mRNA levels were determined as described previously (2, 3) . In brief, samples of total RNA were hybridized to a single-stranded radiolabeled RNA probe derived from nucleotides 1850 to 2563 of the androgen receptor cDNA. After hybridization and digestion with S. nuclease, the reaction products were analyzed by electrophoresis on a 6% polyacrylamide gel containing 8 M urea and visualized by autoradiography. Levels of androgen receptor mRNA were estimated by comparison with samples containing mRNA from normal fibroblasts or varying amounts of synthetic androgen receptor mRNA.
Gln2O
Tyr ( Glnl2-CYs (761) D. Patient Q787 Figure 1 . Schematic structure of the expression plasmids encoding the normal and mutant androgen receptors. (A) Normal androgen receptor, which contains 20 glutamine residues in the homopolymeric domain and a tyrosine residue at amino acid 761. (B) Gln 12 contains 12 glutamine residues and a tyrosine at position 761. (C) Cys 761. This plasmid contains 20 glutamine residues in the homopolymeric segment and a cysteine residue at position 761. (D) Diagram analogous to the androgen receptor predicted for patient 787 and contains 12 glutamine residues and a cysteine residue at position 761. This plasmid is designated Q787.
Cell transfection. Both transient and stable transfection protocols
were employed to analyze the physical properties ofthe mutant receptors in cell culture. COS cells were transiently transfected using the calcium phosphate precipitation method (13) . On day 0, cells were plated at a density of 106 cells per 10 cm dish; 12 h later a calcium phosphate precipitate containing DNA was added to the cultures. After incubation for an additional 5 h at 370C, the cells were osmotically shocked with 15% glycerol for 3 min, fresh medium was added, and the incubation was continued for 48 h at which time soluble androgen receptor was prepared (see below).
Stable transfected cell lines were established in Chinese hamster ovary (CHO)' cells by cotransfection of 1 ug of the plasmid pSV2neo (14) and 10 ,g of the expression plasmid encoding the normal or mutant androgen receptor, followed by selection with the antibiotic G4 18 at a final concentration of 400 ,g/ml (Gibco Laboratories, Grand Island, NY). The cell populations analyzed represent pools of -50-200 independent G418-resistant colonies. Monolayer binding assays. Binding assays were performed on monolayer cultures of CHO cells stably transfected with cDNA clones encoding the normal or mutant androgen receptor proteins (15) . [17 a-methyl-3H]mibolerone (sp act 87 Ci/mmol) was obtained from New England Nuclear, Boston, MA, and [l,2,6,7-3H]5a-dihydrotestosterone (sp act 128 Ci/mmol) was obtained from Amersham Corp., Arlington Heights, IL. For saturation analysis, cultures ofCHO cells grown in 6 cm diam wells were incubated with medium containing [1,2,6,7-3H]5a-dihydrotestosterone (0.5-3 nM) in the presence or absence of a 500-fold excess of unlabeled 5a-dihydrotestosterone. After incubation for 1 h at 370C, the cultures were rinsed and harvested by trypsinization. The resulting cell pellets were dispersed in distilled water and sonicated. Portions of the cell homogenate were assayed for protein and for tritiated steroid content.
The effect of temperature on the stability of the androgen receptor expressed in the transfected CHO cells was assessed as described (7) .
Monolayer cultures were incubated with medium containing 2 nM
[3H]mibolerone prewarmed to 30 or 40°C. After a 45-min incubation at the two temperatures the cells were harvested as above, and the levels of specific dihydrotestosterone binding were determined. Assays of ligand dissociation in monolayer cultures. The rate of [3H]mibolerone dissociation was examined in monolayer cultures of transfected CHO cells using a protocol developed for analysis of cultured genital skin fibroblasts (7) . Parallel cultures were incubated with 2 nM [3H]mibolerone for 1 h at 37°C in the presence or absence of excess unlabeled mibolerone. At time zero the medium containing the radioactive ligand was removed and replaced with medium containing 2 nM unlabeled mibolerone, and the incubation was continued at 37°C for 1-5 h. The percentage of specific mibolerone binding remaining at each time point was compared to the level of specific mibolerone binding in samples to which no competitor steroid had been added. Cycloheximide (500 ,mol/liter) was included in all assays to minimize new androgen receptor synthesis. Preparation and analysis ofcytosolic androgen receptorproduced in transfected COS cells. The physical properties ofthe androgen receptor proteins predicted from the normal and mutant androgen receptor cDNA sequences were assessed by studying the soluble androgen receptor protein produced in transiently transfected COS cells. Soluble receptor was prepared by scraping the cells in a minimum volume of ice-cold TEGM buffer (10 mM Tris-HCl/l mM EDTA/10%[vol/vol] glycerol/l mM 2-mercaptoethanol/10 mM sodium molybdate, pH 7.2), disruption of the cells by passage through a 2 1-gauge needle, and centrifugation at 100,000 g for 30 min. The androgen receptor was incubated at 40C for 4 h with 3 mM [3H]dihydrotestosterone in the presence or absence ofa 200-fold excess of unlabeled dihydrotestosterone. After the labeling period, the fractions were incubated at 370C, 1. Abbreviations used in this paper: CAT, chloramphenicol acetyl transferase; CHO, Chinese hamster ovary (cells); MMTV, mouse mammary tumor virus. and specific dihydrotestosterone binding at 0-, 0.5-, 1-, and 3-h intervals was assayed by removal ofaliquots and absorption offree dihydrotestosterone with dextran-coated charcoal (12) . Specific binding was calculated as the difference between total and nonspecific binding.
Cotransfection assays. The capacity of the normal and mutant receptor to activate gene transcription was assayed by cotransfection of the reporter gene MMTV-CAT (16) and a plasmid encoding the normal or mutant androgen receptor into CVl cells (3) . CVl cells were transfected on day I with 10 gg ofMMTV-CAT and a variable mass of androgen receptor expression plasmid (0, 50, 200, or 1,000 ng). For quantitative comparisons of the relative activity of the normal and mutant androgen receptor cDNAs, cell preparations were transfected in quadruplicate with 200 ng of each receptor cDNA and 10 ,g of the MMTV CAT reporter plasmid. 5 h after transfection, the cells were osmotically shocked for 3 min with 15% glycerol in Hepes-buffered saline, pH 7.05, and fresh medium was added. 24 h after transfection, the medium was replaced with medium containing varying concentrations of Sa-dihydrotestosterone or mibolerone. Incubations were continued in medium containing steroid for a total of 48 h with medium changes after 24 h. Cell cultures were harvested and assayed as described (17).
Results
The androgen receptor gene ofpatient Q787 contains two alterations. Fibroblasts cultured from the proband express normal amounts of a qualitatively abnormal androgen receptor protein that displayed thermolability and an accelerated rate of ligand dissociation (7) . Subsequent studies on a second affected family member revealed similar abnormalities. To determine the molecular basis of the androgen resistance in this family (Q787) we employed the polymerase chain reaction to amplify individual segments of the androgen receptor gene. This analysis revealed two differences within the coding segment ofthe androgen receptor gene. The first is a shortening of the glutamine homopolymeric segment in exon 1. Thus, in patient Q787 this region encodes only 12 glutamine residues, while most individuals contain an average of 20-22 residues.
The second alteration is a single nucleotide change at position 2444 in exon 5 that converts the triplet TAC to the triplet TGC and results in a tyrosine to cysteine substitution at amino acid residue 761. The positions ofthese two mutations in the androgen receptor coding sequence are shown schematically in Fig.   2 . The identification of two separate alterations in the andro- changes detected in the androgen receptor gene of patient Q787. In this patient, the glutamine homopolymeric segment contains 12 residues and a tyrosine to cysteine substitution in exon 5. The length of the glycine homopolymeric segment is indicated as a minimum estimate owing to artificial truncations that occur within this segment during amplification (3) . gen receptor gene raised two questions: first, whether the shortened homopolymeric region could be utilized as a polymorphism to analyze the inheritance of the mutant gene in this family; and second, whether one or both of these mutations is responsible for defective receptor function in this family.
To examine the first issue we analyzed genomic DNA from affected and unaffected individuals within the family of the proband (patient III-4 Q787) ( Fig. 3 ). To this end we measured the substitution mutation in exon 5 in one additional family member , the mother ofthe propositus and the sister of the propositus (111-3). In addition, segment 1-2 (3) in the amino terminus of the androgen receptor gene that contains the glutamine homopolymeric segment was analyzed in eight family members and three spouses. Both mutations are present within the androgen receptor gene of the two affected individuals. By contrast, neither the shortened homopolymeric segment nor the Tyr--Cys substitution was detected in normal men within this family. This analysis also reveals the carrier status of females in this family. Thus, the mother, grandmother, and aunts of the proband are confirmed as heterozygous carriers, while the sister (111-3) of patient Q787 does not carry the mutant allele.
Androgen receptor mRNA levels are not diminished infibroblasts established from patient Q787. Androgen receptor mRNA levels are reduced in some patients with complete androgen resistance (3) . For this reason, we examined the levels of androgen receptor mRNA present in the fibroblasts of patient Q787 using a solution hybridization assay. The results of this study indicate that androgen receptor mRNA levels are similar to those in a normal control fibroblast strain, 704 (results not shown).
The rapid dissociation ofdihydrotestosterone is caused by the tyrosine to cysteine substitution. To characterize androgen binding in monolayer cell cultures, we established stable cell lines by introducing the expression plasmid CMV encoding normal or mutant androgen receptor cDNAs and the plasmid pSV2neo into CHO cells. Pools of G418-resistant CHO cells were analyzed in monolayer culture to examine the rate of dissociation of ligand from the receptor at 37°. As shown in Fig. 4 , in cells transfected with plasmids that contain the tyro- Cys(761) NDINDI+I sine to cysteine substitution (Cys 761 or Q787) dissociation of mibolerone from the receptor is accelerated, as compared to the cells transfected with the normal androgen receptor cDNA (3.1). In contrast, cells transfected with the Gln 12 plasmid showed no difference compared to the normal androgen receptor (data not shown). The dissociation rate of ligand from the receptor was more rapid in cells transfected with the Q787 plasmid that contains both mutations than in cells transfected with the cDNA that contains only the tyrosine to cysteine mutation. While this difference between the receptors encoded by the Cys 761 and Q787 plasmids was detectable at both 37 and 30'C, the abnormal dissociation rate was more pronounced in the Cys 761 receptor at 370C. These changes in dissociation rate were not accompanied by an appreciable change in the apparent Kd of 5a-dihydrotestosterone binding, as shown in Table I .
The two mutations in the androgen receptor gene ofpatient Q787 lead to the synthesis ofa thermolabile androgen receptor protein in transfected cells. The androgen receptor produced in patient Q787 was thermolabile in cultured fibroblasts (7) . To examine the effects ofthe two mutations on the thermostability ofthe expressed androgen receptor in transfected cells, we analyzed CHO cells stably transfected with the four expression plasmids in monolayer binding assays at 30 and 40°C (Fig. 5 ). The levels of specific androgen binding in CHO cells transfected with the cDNA encoding the normal androgen receptor were similar at 30 and 40°C. Likewise, cells transfected with the Gln 12 (data not shown) or Cys 761 expression plasmids also exhibited similar levels ofbinding at the two temperatures. By contrast, the androgen receptor in cells transfected with the Q787 expression plasmid cDNA exhibits marked thermolability.
The stability ofthe mutant androgen receptor proteins were also studied in extracts of COS cells after transfection. Cytosolic receptor from transiently transfected COS cells was labeled with a saturating concentration of [3H]dihydrotestosterone at 4°C, and the stability of the receptor proteins was assessed by incubation at 37°C for varying periods. After treatment with dextran-coated charcoal to remove the unbound steroid, the quantity of specific [3H~dihydrotestosterone mined by Scatchard analysis of data obtained using a monolayer binding assay to detect the level of specific androgen binding in CHO cells stably transfected with the expression plasmids and psv2neo (see text). * The data for the cells transfected with the Q787 plasmid were derived from binding assays performed at 30'C owing to the thermolability of the receptor protein.
tions identified in the androgen receptor gene of patient Q787 were assayed by the cotransfection ofCV 1 cells with expression plasmids encoding normal or mutant androgen receptors and a reporter gene (chloramphenicol acetyl transferase, CAT) controlled by the mouse mammary tumor virus long terminal repeat (MMTV-LTR) (3, 16) ( Fig. 7) . Truncation of the glutamine homopolymeric segment (Gln 12) alone does not alter receptor function, as cells transfected in parallel with the Incubation Time (hours) Figure 4 . The tyrosine to cysteine amino acid substitution at residue 761 causes mibolerone to dissociate more rapidly from the androgen receptor protein. The rate of dissociation of [3H]mibolerone from CHO cells stably transfected with cDNAs encoding normal or mutant androgen receptors was examined in cell monolayers. Parallel cultures of cells were incubated with 2 nM [3Hjmibolerone for 1 h at 37 or 30°C. At time zero the radioactive mibolerone was removed and replaced with medium containing unlabeled competitor mibolerone. The amount of specific mibolerone binding remaining in the cell cultures incubated with excess unlabeled mibolerone is compared to cultures to which no unlabeled steroid had been added. In separate experiments, we established that ligand dissociation from the receptor expressed in CHO cells transfected with the Gln 12 plasmid was indistinguishable from that expressed in cells transfected with the normal androgen receptor cDNA.
binding was determined ( Fig. 6 A) . Truncation of the glutamine segment has no appreciable effect on the thermal stability of the receptor protein, whereas the tyrosine to cysteine substitution at residue 761 causes some thermal lability at 37°C after prolonged incubation. The presence of both mutations in the same androgen receptor molecule, however, effects a marked change in the stability ofthe androgen receptor. This decline of specific androgen binding at 37°C was not accompanied by appreciable changes in the level or apparent integrity ofimmunoreactive androgen receptor as determined by Western analysis ( Fig. 6 B) . Truncations ofthe glutamine homopolymeric segment alter thefunctional capacity ofmutant androgen receptors. The functional capacities of androgen receptors containing the muta- Figure 6 . The androgen receptor protein produced after transfection with cDNAs containing both mutations demonstrate thermal instability in a broken cell assay. (A) Cytosolic androgen receptor was prepared from COS cells transfected with cDNAs encoding the normal or mutant androgen receptors. The extracts were labeled by incubation with 3 nM [3H]dihydrotestosterone for 4 h at 40C. After labeling, samples were shifted to 370C for 0, 0.5, 1, 2, or 3 h and the amount of specific dihydrotestosterone binding determined after incubation with dextran-coated charcoal to remove free [3Hldihydrotestosterone. The graphic representation has normalized the amount of specific dihydrotestosterone binding to that present at time zero. (B) Aliquots of the same samples incubated for 0 or 1 h at 370C depicted in A were analyzed by immunoblotting using an antiserum that recognizes the amino terminus ofthe human androgen receptor (18) . The sample size (in micrograms of protein added) is shown above and the position of the migration of radiolabeled protein markers is shown in the right margin.
cDNA encoding the normal or Gln 12 expression plasmids, Q787), androgen receptor function is further impaired and exconverted 53% or 61% of [14C]chloramphenicol to its acety-hibits only 7% of the normal receptor activity. lated products. By contrast, the tyrosine to cysteine substitu-High androgen concentration can partially overcome the detion at amino acid 761 (present in plasmid Cys 761) decreases fective androgen receptor predictedfor patient Q787. The fact the receptor function to 5 1% of that detected for the normal that patient Q787 responded to therapy with high doses of direceptor. When both the cysteine 761 mutation and the trunca-hydrotestosterone (7) suggests that high doses ofandrogen may tion of the glutamine segment are both present (plasmid overcome in part the functional defect in the androgen recep- Figure 7 . The mutant androgen receptor predicted for patient Q787 is severely impaired in cotransfection assays of receptor function. Cultures of CVI cells were transfected with a mixture of the reporter plasmid MMTV-CAT (10 Ag) and a variable quantity of expression plasmid encoding normal or mutant androgen receptors. After stimulation with 2 nM 5a-dihydrotestosterone for 48 h, cell extracts were prepared and assayed for CAT activity (17). The lack ofdose-response when higher levels ofandrogen receptor cDNA were transfected is presumed to reflect the limiting levels of cellular transcription factors, as has been described for the estrogen receptor ( 19) . tor protein. For this reason, we examined the ability of the mutant androgen receptor predicted for patient Q787 to stimulate the MMTV-CAT reporter gene in response to different concentrations of mibolerone (1 and 20 nM) ( Fig. 8) . Although low levels ofpromoter activity could be detected in response to stimulation with 1 nM mibolerone, high doses of mibolerone substantially increased the activation of the MMTV promoter by the mutant receptor.
Discussion
The analysis of the coding segment of androgen receptor gene in the proband from a family with a qualitative defect in the androgen receptor revealed two alterations. The first is a shortening of the glutamine homopolymeric segment to twelve residues from the 20-22 residues present in most normal controls. The second is a single nucleotide substitution in exon 5 that causes a tyrosine to cysteine substitution. Variations in the length of the glutamine homopolymeric segment are common among normal individuals. In our analysis of this segment in 12 unrelated individuals ( Fig. 9 ), the Figure 9 . The length of the glutamine homopolymeric segment is heterogenous. The DNA segment containing the glutamine homopolymeric segment (I-2, reference 3) was amplified from genomic DNA samples prepared from 14 unrelated individuals. The nucleotide sequence was determined for each sample. The number of androgen receptor genes containing the indicated number of glutamines is indicated.
androgen receptor gene contains between 20 and 22 residues in most individuals, although one contains a glutamine homopolymeric segment that encodes 27 glutamine residues. The frequency of this type of polymorphism is far higher than any restriction fragment polymorphism linked to the androgen receptor that has been identified to date (20, 21) . We employed the shortening of this segment of the androgen receptor to analyze the inheritance of the mutant receptor gene in this family. As expected, subjects I-1, 11-1, 11-2, and 11-4 are heterozygous carriers of the mutant allele. More importantly, subject 111-3 does not carry the abnormal androgen receptor gene and hence is not at risk for transmitting the defect.
We introduced these two alterations into a normal androgen receptor cDNA and studied the physical and functional properties of the proteins in eukaryotic cells after transfection. The single amino acid substitution (tyrosine--.cysteine at residue 761) is largely responsible for the alteration in dissociation rate previously detected in the receptor assayed in fibroblast cultures from patient Q787 (7) . As in previous studies, the enhanced rate of ligand dissociation is not accompanied by a significant change in binding affinity (7) . These results suggest that the tyrosine to cysteine substitution does not alter the "fit" of ligand within the hormone-binding pocket of the androgen receptor but affects the capacity of the receptor to be maintained in a form to which ligand is tightly bound. This subtle change in the hormone-binding properties ofthe mutant receptor is presumably due to the substitution of a different polar uncharged amino acid (cysteine) in place of the normal tyrosine residue at this position.
In CHO cells stably transfected with cDNAs encoding the normal androgen receptor, the receptor containing 12 glutamine residues and the receptor containing only the tyrosine cysteine substitution demonstrate normal thermal stability. However, transfection ofan androgen receptor cDNA containing both mutations leads to the expression of an androgen receptor protein with thermal instability similar to that previously characterized in skin fibroblasts from the proband (7) . Similar data were obtained when studies are performed on cytosol prepared from COS cells transfected with the normal and mutant androgen receptor cDNAs. These results suggest that the three-dimensional structure of the androgen receptor must permit portions of the amino terminus to interact with segments of the hormone-binding domain. While this interaction appears normally to stabilize the androgen receptor to thermal denaturation, truncation of the glutamine homopolymeric segment by itselfis not sufficient to destabilize the androgen receptor. However, in a mutant androgen receptor in which the hormone-binding domain has been altered by a second mutation (the tyrosine to cysteine substitution at amino acid 761) this effect becomes demonstrable. The effect of the truncation ofglutamine-rich segment ofthe androgen receptor is not limited to the role ofthe receptor in gene activation as has been described for other members of the steroid receptor family (22) (23) (24) , because the truncation also has an effect on the physical properties of the transfected receptor protein.
Thermal instability is a qualitative marker of steroid receptor dysfunction in many subjects (25) . To date, however, the molecular changes that underlie this phenomenon have not been elucidated. In these studies we have demonstrated that the thermolability in dihydrotestosterone binding of patient Q787 is not accompanied by appreciable changes in the quantity or mobility of immunoreactive androgen receptor present. These results imply that warming permits an unfolding of the receptor protein and does not result in detectable changes in the amount or integrity ofthe androgen receptor protein as assayed by SDS-PAGE and Western analysis.
Cotransfection assays that test the capacity of androgen receptor to activate the MMTV promoter also indicate that androgen receptor molecules that carry both mutations are more severely impaired than those that carry either mutation alone.
These results suggest that the thermal lability and enhanced dissociation rate of the mutant androgen receptor are markers of changes in structures that have direct impact on the functional capacity of the receptor molecules.
The mutant androgen receptor predicted for patient Q787 demonstrated -7% of normal receptor activity in cotransfection assays. The phenotype ofpatient Q787 was male in character and exhibited virilization in response to high-dose testosterone therapy indicating that the defective function ofthe androgen receptor can be overcome, at least partially, by such therapy (7) . In agreement with this expectation, the MMTV promoter was activated to a much higher level by the mutant androgen receptor (Q787) in the presence of 20 nM mibolerone than in the presence of 1 nM mibolerone. These observations have several implications. First, the results imply that the level of function assayed for the androgen receptor predicted for patient Q787 (-7% of control) is near a critical level that permits male phenotypic development. Second, high doses of androgen are able to augment the function of the defective receptor and increase its capacity to stimulate target genes. It is not yet clear whether this result is due to an increase in the concentration of androgen receptor (e.g., due to "up-regulation") (26) or because high doses of androgen stabilize a form of the androgen receptor that is able to stimulate the MMTV promoter. This interpretation presumes that the in vitro phenomenon detected using the MMTV-CAT reporter system reflects changes in the activation ofandrogen responsive genes in vivo that allow virilization ofthe patient with high dose androgen therapy.
These studies provide several novel insights into the structure of the human androgen receptor. First, a critical residue (tyrosine 761) is crucial to normal ligand binding. Second, this same amino acid substitution affects the thermal stability ofthe androgen receptor. Third, the thermal instability, the dissociation rate abnormality, and the defective function ofthe mutant receptor protein can be accentuated by a truncation within the amino terminus. This finding suggests physical interaction of the amino terminus and the hormone binding domain. This effect influences the physical properties of receptor function such as the dissociation ofligand and thus appears to be distinct from effects due to alterations in the amino terminal transactivation domain, as has been described for the estrogen and glucocorticoid receptors (19, (22) (23) (24) .
These studies demonstrate a remarkable correlation between the clinical consequences and the biochemical abnormalities of patient Q787. While several of these results might be anticipated from studies that have defined the functional domains ofthe glucocorticoid and estrogen receptors (27) , analyses of more subtle mutations in androgen receptor function in patients such as patient Q787 complement results that have been obtained for other naturally occurring mutations in the steroid receptor family, such as the vitamin D receptor (28) and thyroid hormone receptor (29) . Analysis ofthe androgen receptor gene of other patients with qualitative abnormalities ofthe androgen receptor proteins will provide additional insights into the structural and functional organization of the androgen receptor.
